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Abstract 

A model based on an anomalous Abelian symmetry C/(l)i x C/(l)2 is pre- 
sented. This symmetry is responsible for both supersymmetry breaking and 
fermion mass generation. Quark and squark mass matrices are aligned to pre- 
vent large flavor-changing neutral current and CP-violation. 
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1. Supersymmetry is a good candidate for a theory beyond the standard model, 
and several supersymmetric extensions of the standard model have been constructed 
[0. There are usually two sectors in these models: a hidden sector, in which super- 
symmetry is broken; and an observable sector, which contains the standard model 
fields and their supersymmetric partners. Supersymmetry breaking is transmitted to 
the observable world either by gravitational interactions or by standard model gauge 
interactions. The soft parameters in the effective Lagrangian for the observable sec- 
tor are subject to severe constraints from low energy rare processes. For example, 
the inter-generation scalar-quark masses should be highly suppressed to avoid large 
flavor-changing neutral currents. 

Recently, another scenario for supersymmetry breaking has been proposed [@, §], 
in which supersymmetry breaking is triggered by an anomalous U{1) symmetry which 
may arise from string compactification Q]. In the simplest model p|, the D-term 
contribution to the scalar-quark mass depends on the U{1) charges, and dominates 
over the supergravity-mediated F-term contribution. The first two generation scalar- 
quarks are assigned the same charges and thus have degenerate masses. Because of 
this, the contributions to flavor- changing neutral current and CP-violating process 
are suppressed. 

Anomalous U{1) symmetries have also been widely used as horizontal symmetries 
for flavor physics f^ . The breaking of the horizontal symmetry gives a small expansion 
parameter which can be identified as the Cabibo angle. In this paper, we will present 
a model in which supersymmetry breaking is induced by an anomalous f/(l)i x f/(l)2 
symmetry. This symmetry also serves as a horizontal flavor symmetry, and reproduces 
the right fermion masses and CKM matrix. Flavor-changing neutral currents are 
suppressed because of the quark-squark mass alignment mechanism 0] . 

2. The model presented here is similar to that of Ref. [@, which has an anomalous 
U{1) symmetry under which the supersymmetric standard model superfields $j carry 
nonnegative charges g<j,-. In addition, there are two standard model singlet chiral 
superfields 0+ and 0_ with charges +1 and —1 respectively. The cubic anomaly 
and mixed gauge and gravitational anomalies are cancelled by a 4-D analogue of the 
Green-Schwarz mechanism 0, which requires 

Ca/ka = TrglyS = Tiq^JU = 167r%s, (1) 

where the CaS are coefficients for the mixed gauge anomalies, Ca = 2 J2^i Ta{R<s>i)q<s>i, 
and Ta{R<^i) is the index of the representation _R$-. The k^s are the Kac- Moody 
levels for the gauge group: 1,1,5/3 for SU{3), SU{2), f/y(l) respectively. The 
Green-Schwarz mechanism induces a Fayet-Iliopoulos D-term C,D [Q, where 

e = <7'(5gsMJ = A^M^i , (2) 

A = gSjg , and g is the string couphng constant. 



In the model of Ref. 0, the effective scalar potential is [| 



v^^: 



5:g^j<i>,p + i0+p-i0_p + e + 



+ m'\<P+Y + m'\(P_\\ (3) 



where we have omitted D-term contributions from the hidden sector fields that are 
charged under the anomalous U{1). This potential gives rise to supersymmetry and 
anomalous U{1) symmetry breaking. The nonvanishing vevs are 

2 

< 0_ > ~ AMpi, < F,^^ > ^ AmMpi, < D > = — . (4) 

In this model, the soft scalar masses contain D-term contributions, which depend 
on the U{1) charges. They also receive supergravity-mediated F-term contributions, 
as follows, 

m% - q^^m^ ^^ - ^^*' + ^^^"^^ ' ^^^ 

Note that for a U{1) charged field, the D-term contribution dominates over the F- 
term contribution. 

The gaugino masses are generated by a term (p^cp^WaWa/M"^^ in the superpoten- 
tial. They are 

mx ^ JT2 ~ A m. (6) 

pi 

The experimental lower limit for gaugino masses requires m of order a few TeV for 
A ^0.2. 

If the anomalous f/(l) symmetry is used as a horizontal symmetry for fermion 
mass generation 0, it generically does not give the correct CKM matrix. Although 
the result is general, we will show it for the case where supersymmetric Higgs fields 
Hi and H2 have zero f/(l) charges. (Negative ^'^(1) charges would result in Planck 
scale Higgs vevs. Positive U{1) charges can give rise to a Planck scale /i-term. Even 
if this /i-term vanishes, the Higgs particles receive TeV-scale soft masses from eq. (|^), 
which reintroduces the fine tuning problem.) 

To ensure the proper pattern of symmetry breaking, we must assign nonnegative 
U{1) charges to all quark and lepton superfields. Then the Yukawa couphngs are 
given by the following terms in the superpotential. 



Vm 



\<lQ^+tTJ^ — / (b_ \1Q^+9D, — , , 

j ^Q,i72f/, + (^) 'Q.HiD,. (7) 



pi/ VJWpi 



If we assign the same t/(l) charges to the first two generation superfields to suppress 
FCNC, from eq. (J^) we find the following relations among Yukawa matrix entries, 

TThe mass parameter m is assumed to be generated dynamically from the hidden sector 0. 



171 ~ Y^ ~ Y21 — Y22 and similarly Y{{ ~ Y^^ ~ Y21 — F22. Such Yukawa entries do 
not generically give a satisfactory CKM matrix. 

The other way to suppress FCNC is to align the squark and quark mass matrices. 
This permit us to assign different U{1) charges to the first two generation superfields. 
In our case, however, we find ITi/^ii — ^21/^225 independent of the U{1) charges 
assigned, which is not compatible with the alignment restriction that both 1^2'! ^^nd 
Y]^ must be sufficiently small [0. An extra symmetry is required to ensure "texture 
zeroes" for the appropriate Yukawa matrix entries. 

3. In the rest of this Letter we consider a model with two anomalous U{1) symmetries. 
We take the standard model superfields to have the following charges under this 
U{l)i X [7(1)2 symmetry^ 
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The charges for standard model singlets are 



(8) 
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(9) 

Note that some fields have negative charges under one U{1) and positive charges 
under the other, but that the sums of these charges are always positive. A shghtly 
different model has been considered before [0, § in a different context. 
With these assumptions, the scalar potential of this model is as follows, 

+ m?(|0+|2 + |0_|2) +ml[\^+\' + |^_|2), (10) 

where parameters ^1,^2 are defined as before, and the mass parameters mi 2 are 
assumed to be generated dynamically from the hidden sector. 

This potential gives rise to supersymmetry and anomalous U{1) symmetry break- 
ing as before, the nonvanishing vevs are 

< 0_ > ~ AiMpi, < ^_ > ~ A2Mpi, 

< F^+ > ~ AimiMpi, < F^^ > ^ A2m2Mpi , (11) 

2 2 

<Di>= ^, <D2>= ^ , 
9 9 



•^The mixed gauge anomalies are cancelled by the Green-Schwarz mechanism under the above 
charge assignment, assuming there is no extra standard model and anomalous U{1) charged matter. 
The hidden sector fields carry the anomalous U{1) charges as well, to ensure the cancellation of the 
mixed gravitational anomaly and the mixed gauge anomaly for the hidden sector gauge group. 



where Aj = qSq^, i = 1,2. (For the above charge assignment, Cg^,^^ = 12, Cg^/^^ = 9, 
and Ai ~ A2 — 0.2.) Note that the negative f/(l)i or t/(l)2 charged fields do not 
give rise to minimum which breaks the standard model gauge groups. To see this, 
we consider a standard model field $ with qi > 0, q2 < and qi + q2 > 0- The D-fiat 
direction corresponds to 

< 10-1' >= 6 + gi < i-^i" > + < 10+r >, 

< \^.\^ >= ^2 + q2 < !$!'> + < |^+|'>. (12) 

It is easy to see that along this direction, the minimum of the scalar potential is at 
< $ >= and eq. ([IT]). 

Under the above charge assignment, the superpotential contains additional terms0 

{<l>jM,,r^^^'^^'{^-/M,r''^%'Q.H2U,{l + ^ + ^ + • ■ ■) • (13) 

where gg-j + q^y- > 0, i = 1,2. The dots represent terms suppressed by more 
powers of Mpi. The up-type quark Yukawa matrix has the following form (assuming 
Ai ~ A2 — A, where A ~ 0.2 is the Cabibo angle), 

A^ A^ A^ 
F" ~ I A^ A^ A2 I . (14) 

A3 A^ 1 

Similary, the down-type quark and lepton Yukawa matrices are given by 

/ A^ A" All X / A^ A« A" 



Y' 



A13 A^ AM , y^ ~ A^o A^ A^^ I . (15) 

V A15 A2 A2 y V A^ A21 A2 



It is easy to check that the fermions obey the following mass relations at the U{1)- 
breaking scale, AMpi, 

rriu : rric : rrif ~ A^ : A'^ : 1, m^ : nis : rrii, and r/ig '■ ^^^ '■ f^r ~ A^ : A^ : 1. (16) 

Note that \b/\ — A^, which implies tan/? is small (~ 2). 

This fermion Yukawa texture also gives the correct order in A for CKM matrix 
elements, 

\Vudl\Vcs\,\Vti>\-~^l, |Ks|,|Kd|~A, |K6|,|^is|~A^ \Vubl\Vtd\ -^ X^ . (17) 

The soft scalar masses are determined as before, 

^i - (9*,i + >^lWi + (?*,2 + \l)ml (18) 



^For the case qq-i + qrj .i < 0, renormalization of the Kahler potential induces similar terms. 



Taking mi ~ 7112 



m. 



we find the following scalar mass matrices 
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m^ 




(19) 



where the off-diagonals are filled by contributions from the Kahler potential. 

These matrices exhibit alignment. To examine this, we describe the "misalign- 
ment" by dimensionless quantities 6, which are defined as the relative sizes of the 
off-diagonal to main diagonal entries of the squark mass matrices at the basis where 
Yukawa matrices are diagonal |jTO|- These quantities are severely limited by FCNC 
{K — K mixing, in particular) and CP-violating processes. 

In our model, all of the off-diagonal elements of 5lr matrices are negligibly small. 
This is because the soft trilinear terms are generated from the second and third 
terms in the bracket of eq. (p!3D, and are proportional to the Yukawa matrices. The 
biunitary matrices which diagonalize the Yukawa matrices also diagonalize the left- 
right scalar mass matrices m|^. The diagonal elements |(5i'i''^)l-r| are also small, 
compared to that of general supergravity models, because they are suppressed by 
extra powers of A and heavier squark masses. The constraints from electric dipole 
moments of m, d quarks and electron are thus easily satisfied p|, ||. 

Now we examine the limits for 5ll^ 5rr. The most severe constraint comes from 
K — K mixing. Following Ref. [1^, we deduce the limits 

'Re(5f2)|Rl < 3.5 X 10-2, \^Re{5f2)LL{5i2)RR\ < 1-7 x 10-^ (20) 
~ 2 TeV, milmi ~ 1.6 x 10"^. In our model, we find \{5%)t,t\ ~ A^ 



Re(5f2)iJ 



where we take mq ~ 



12)LL\ 



and \{5i2)rr\ ~ A^, and are much smaller than the above bounds. Other bounds from 
jj, ^ e'~) and D — D and B — B mixings are also satisfied. The smallness of these 
5 parameters ensure that the limits from CP-violating processes, e.g., CP-violating 
phases e, e', are met as well. Therefore this model poses no FCNC and CP problems. 
4. For several anomalous U{1) symmetries, there exists a unique linear combination 



which is anomalous, while the other combinations of f/(l)'s are anomaly free [^ 
In our model, the anomalous f/(l) and anomaly-free U'{1) charges are related to the 
f/(l)i X f/(l)2 charges by. 
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(21) 



We see that U'{1) charges of the superfields are flavor dependent. How these U{1) 
symmetries originate from an underlying theory remains an open question. 

An unwelcome feature of our model may be the /z-problem. Because of the sym- 
metry, the leading contribution to the /i-term is of order A^rra ~ 5 GeV, which is 
too small. On the other hand, the leading contribution to the Bfi-term is of order 
X'^mMpi, and destablizes the hierarchy. 

One can introduce a discrete symmetry to solve these problems. We consider for 
example a Z^ symmetry, under which all the standard model fields have charge one 
and the singlets (p±,ip± have charge zero. In addition, we introduce a gauge singlet 
X, which has Z3 charge one. Then the dangerous 5/i-term is not allowed; instead 
one finds the following Z^ invariant terms in the superpotential, 

WdX^ + XH1H2. (22) 

If the X field gets a negative soft mass ~ —X^m? from gravitational interactions, a 



/i-term of order \m is generated from eq. (|2^) . The soft 5-term is of order X m. 



Note that the model has a hierarchial mass structure, fhQ^^u^^L^,mHi^H2 — -^"^5 
while all other sfermions have TeV masses. ( The heavy right-handed bottom squark 
does not give rise to a fine tuning problem because tan/? and A^ are small.) The 
light fields have a low energy mass spectrum similar to that of supergravity models. 
For example, m = 2 TeV in this model gives soft parameters ^rigg^fyg^^g, m/^^^/fj ~ 400 
GeV, m\ ^ 80 GeV, an A-term of about 80 GeV and tan/? ^ 2. It gives the same ii^2, 
bL, T^L, i^T, gaugino, Higgisino and Higgs masses as a supergravity model with GUT 
scale soft parameter Mq ~ 400 GeV and M1/2 — 80 GeV. (This is because the first 
two generation soft parameters decouple from the renormalization group equations for 
the third generation soft parameters and Higgs scalar masses.) The lightest colored 
particle is the gluino, and only light gauginos are reachable for the next generation 
linear e+e~ collider, where the signals for light chargino and neutralino production 
are similar for the anomalous U{1) and supergravity scenarios. 
5. To summarize, we here introduced a model based on an anomalous f/(l)i x f/(l)2 
symmetry, where supersymmetry breaking is induced by a Fayet-Iliopoulos D-term. 
This Abelian symmetry plays the role of a horizontal flavor symmetry which gives a 
correct Yukawa texture. The quark and squark mass matrices are aligned, and thus 
the contributions to FCNC and CP-violating process are highly suppressed. 
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